as the major basis for increasing expertise through in organization and control of working memory conlearning. We investigated chunking in a standard spatial tents. In some cases, effective reorganization can deworking memory task by manipulating the extent to crease task difficulty, implying a dissociation between which sequences of stimuli could be encoded into memfrontal activity and basic memory demand. In a spatial ory as simple configural representations. We predicted working memory task, we studied the improvement of that trials that allowed such chunking would be less performance that occurs when materials can be reordifficult to remember than trials that did not allow chunkganized into higher level groups or chunks. Structured ing. Despite this decrease in task difficulty, we predicted sequences, encouraging reorganization and chunking, increased recruitment of the lateral prefrontal cortex. were compared with unstructured sequences. Though
Introduction

Results
Neuropsychological data suggest that the prefrontal cortex plays a key role in behavioral organization and
Behavioral Study control. In complex tasks, for example, patients with Working memory for spatial sequences was tested using prefrontal damage use poor strategies and exhibit bea modified spatial span task in which participants were havioral incoherence (Shallice and Burgess, 1991). Here required to remember sequences of locations on a 4 ϫ we investigate the role of prefrontal cortex in organiza-4 grid (Figure 1 ). Each participant's spatial span was tional strategies used to decrease working memory calculated as the mean number of locations that could demand.
be recalled successfully following a single presentation.
Undoubtedly prefrontal cortex makes an important
For any one participant, the sequences were either all contribution to working memory. Though some studies structured, using an algorithm which tended to produce emphasize simple working memory storage, neuroimagsequences containing familiar shapes, such as right ing data have also suggested that the prefrontal cortexangled triangles and parallelograms ( Figure 1A ), or all especially the dorsolateral prefrontal cortex (DLPFC)-unstructured, using an alternative algorithm that proplays a role in the monitoring, control, and organization duced sequences with less symmetry and fewer parallel of working memory contents (D'Esposito et al., 1998; sides ( Figure 1B ). The group that was presented with Owen, 1997 Owen, , 2000 Petrides, 1994) . Such terms, howthe structured sequences performed significantly better ever, can be hard to define operationally, and in previous than the group that was presented with the unstructured sequences (mean span On each trial, participants memorized a sequence of locations. A set number of boxes in turn changed color from red to blue, followed by a test of recall (see Experimental Procedures). In structured trials (A), the sequence followed a predetermined rule which tended to produce orderly visuospatial configurations. In unstructured trials (B), such configurations were avoided. In temporally congruent trials (C), a brief interruption during the middle of the sequence effectively split it into two entirely structured sections, while in incongruent trials (D), a similar brief interruption effectively split the sequence into two semistructured sections.
Two further groups of participants were given seTogether, these behavioral data suggest that, though subtle, our chunking manipulation was sufficient to alter quence variants designed either to interfere with, or to facilitate, the organization of remembered material the perceived structure and memorability of spatial sequences. As in other cases of chunking, memory was based on spatial encoding strategies. For one group of participants, sequences were interrupted briefly by a improved by an opportunity to reorganize materials into familiar structures or patterns. pause in presentation at a point that was congruent with the overall spatial configuration (i.e., divided the entire sequence into two spatially structured sequences; see Imaging Study Figure 1C ). For a second group of participants, seEvent-related fMRI was used to examine the neural corquences were interrupted by a pause at a point that relates of the observed improvement in performance in was not congruent with the overall spatial configuration the structured sequence condition (condition 1; Figure  (Figure 1D ). The group who were presented with the 3A) relative to the unstructured sequence condition temporally congruent sequences performed signifi-(condition 2; Figure 3B vealed no regions of significantly increased neural activthe trial types in two specific frontal regions classically associated with working memory tasks (Duncan and ity, even when the false detection rate threshold was lowered to p Ͻ 0.50.
Owen, 2000; Owen, 1997), mid-DLPFC, and midventrolateral prefrontal cortex (VLPFC) (see Experimental Pro-A supplementary analysis was conducted to examine separately the encoding (sequence presentation), maincedures). There was significantly greater activation for the structured, compared with the unstructured, setenance/rehearsal (delay period), and retrieval (response generation) stages of structured and unstrucquences for the left DLPFC (t ϭ 3.30, p ϭ 0.002), with the right DLPFC approaching significance (t ϭ 1.55, p ϭ tured trials. Results from the encoding analysis closely mirrored those of the whole-trial analysis; thus, compari-0.071). However, no significant increases were found for the VLPFC. son of structured and unstructured trials again showed significantly increased activity bilaterally in the lateral frontal cortex, the inferior parietal lobule, and the fusi-
Control Study
In the control study, a second group of participants form gyrus. During the delay phase, no significant activations were found for the structured minus unstrucviewed the same structured and unstructured sequences as before, but this time with no working memtured comparison. However, the opposite contrast yielded significant activation largely in parietal cortex, ory requirement (see Experimental Procedures). This time a comparison of structured and unstructured trials particularly on the right (coordinates 30 Ϫ50 53 for right, Ϫ30 Ϫ46 48 and Ϫ12 Ϫ54 50 for left), with addirevealed no significant peaks of activation at corrected levels. When the working memory and control studies tional activation in occipital and premotor cortices. There were no significant differences between the trial were compared directly, the interaction of experiment by sequence type yielded a single, significant peak in types during the response phase. Separate estimates of activation for each task stage showed greatest lateral the right lateral prefrontal cortex (coordinates 44 11 18, t ϭ 7.87). This activation is within 5 mm of the greatest prefrontal increases at encoding, along with the greatest difference between structured and unstructured trials peak of activation for structured minus unstructured contrast of the previous study (see Table 1 ).
(Figure 5).
A second supplementary analysis was conducted to examine the relationship between neural activity and Discussion the ease with which the structure aided recall of each sequence as directly rated in the behavioral study deThe performance data from both behavioral and fMRI studies confirm that a significant component of the spascribed above. Entering the mean rating for each sequence as a covariate of interest into the imaging analytial working memory task used in this study is the reorganization of structured sequences into higher level spatial sis revealed that activity within the right lateral frontal cortex (coordinates 60 20 10), the left fusiform gyrus chunks. Thus, in both cases, performance on the structured sequence trials was enhanced relative to perfor-(coordinates Ϫ50 Ϫ60 Ϫ18), and the right inferior parietal lobule (56 Ϫ56 40) correlated significantly with indemance on the unstructured sequence trials, and independent ratings confirmed that structured sequences pendent ratings of sequence structure.
An additional region of interest (ROI) analysis was were perceived to be more easily encoded. In addition, performance was superior when a brief interruption in carried out to directly test differential activation between In addition to increased lateral frontal activity during spatial structure. structured trials, strong bilateral activity was observed The results of our fMRI study confirmed that the implein the fusiform gyrus. The fusiform gyrus has been rementation of such chunking strategies at encoding relies peatedly associated with object perception, and object on the corecruitment of specific lateral frontal and posrecognition is impaired following damage to this region terior systems. Thus, during the structured sequences, in patients (Arguin et al., 1996; Gerlach et al., 1999). On significantly increased activity was observed bilaterally this basis, we suggest that in order to increase perforin the lateral frontal cortex, the inferior parietal lobule, mance, the lateral frontal cortex selectively relates the and the fusiform gyrus, all effects being most prostructured sequences to object-based information from nounced at encoding. Moreover, the signal change in memory, which increases activation in the fusiform gythese areas correlated significantly with independent rus. In this way, the lateral frontal cortex plays an essenratings of sequence structure. tial role in selecting appropriate high-level organizaDuring the delay, increases were observed for the tional chunks which then serve to facilitate memory by unstructured trials in bilateral parietal and premotor correducing overall cognitive load.
tices. Various neuroimaging studies have associated the
The structuring of information in working memory is to parietal cortex with working memory storage, particusome extent analogous to semantic clustering in verbal larly in the spatial domain (Coull et In one of the conditions, all of the sequences followed a structured Experimental Procedures rule such that every location was either in the same column, the same row, or on the same diagonal as the location preceding it Behavioral Studies ( Figure 1A) . In a second condition, an alternative "unstructured" rule 414 volunteers (262 males, 152 females; mean age 26.6) participated was applied such that two successive locations were never in the in a large-scale behavioral study which formed part of the 2001 same column, in the same row, or on the same diagonal ( Figure 1B ).
Creating Sparks Exhibition at the London Science Museum. Each
The result of this manipulation was subtle, such that the structured participant was randomly assigned to one of four simple variations sequences tended to contain more familiar shape components, inon the classic spatial span task of Corsi (Milner, 1971) (Figure 1) . volving symmetry and parallel sides, and were thus more easily In all four conditions, the participants were required to memorize organized into higher level patterns (Bor et al., 2001 ). In the third sequences of locations which were illuminated on a 4 ϫ 4 grid and fourth conditions, all of the sequences involved two sections presented on a touch-sensitive screen. Specifically, on each trial, that were structured according to the rule used for condition 1. The a sequence of red squares flashed blue, each square changing color two sections were connected by an unstructured link, according to for 500 ms with a 250 ms interval between squares. At the end of the rule used to generate sequences for condition 2. One interstimuthe sequence, a short tone prompted the participants to respond lus interval between two of the stimuli in each sequence was increased from 250 to 750 ms. This temporal segregation between two by touching the same series of locations with the index finger of sections of the sequence was manipulated so as to be congruent slice in each scan used as a reference. Images were realigned with respect to the first image using sinc interpolation, creating a mean (condition 3; see Figure 1C ) or incongruent with (condition 4; see Figure 1D ) the two structured sub-sequences. Aside from the differrealigned image. Using the mean realigned image, all images were normalized using affine and smoothly nonlinear transformations to ence in temporal location of the extended interstimulus interval, everything-including the exact stimulus set used-was identical an EPI template in Montreal Neurological Institute (MNI) space. Finally, all normalized images were spatially smoothed with a 10 mm between conditions 3 and 4. There was always a difference of one location between the temporal segregation position on any sefull-width half-maximum Gaussian kernel. Single-subject statistical contrasts were set up by using the general linear model to fit each quence for conditions 3 and 4. The position was always as close to the middle of the sequence as possible, with conditions 3 and 4 voxel with a combination of functions derived by convolving the standard hemodynamic response with the time series of the events balanced for closeness of the segregation to the center.
In a supplementary behavioral study, five neurologically normal and removing low-frequency noise with a high-pass filter. Group data were analyzed with a random effects analysis. All reported volunteers (two males, three females; mean age 28.6) were given the exact same sequences of structured and unstructured trials as peaks passed a whole-brain false detection rate ( For each ROI, a t test was carried out to compare fixation point, and subjects were not given any instructions concernthe mean voxel value during the structured versus the unstructured ing eye movements. On each trial, four of the red squares flashed trials. blue, changing color for 500 ms with a 250 ms interval between each. The participant was required to remember the sequence and Control Study to maintain that information across a delay randomly varying be-11 neurologically normal participants (3 males, 8 females; ages 21-tween 6 and 10 s. At the end of this period, the participants were 33) were scanned using exactly the same experimental, scanner, required to make a series of responses, prompted by the simultaneand analysis parameters as in the previous fMRI study. However, ous appearance of sixteen yellow dots, one dot placed randomly instead of being required to remember the sequence, the participant on the left or right side of each of the sixteen squares. Touching was instructed to observe each sequence and decide whether the screen locations was impossible in the fMRI environment; instead, stimuli had formed a regular shape or not. Following the same delay by pressing a button under the first or second finger of the dominant as in the previous experiment, at the onset of the yellow dots on the hand, corresponding to a dot on the left or a dot on the right, red squares, participants were required to make a binary response participants were asked to indicate dot positions for each of the repeated four times on a button box to indicate whether they had four locations in memory, in the order originally presented. Trials perceived a regular shape within the stimuli. For six subjects, 60 were judged incorrect if any of the four responses was wrong. trials in total were presented over three scanning runs, while for the Though some such trials might be correct by chance, high perforremaining five, only 20 trials were collected, during one scanning mance overall (see Results) shows that participants complied well run. For the analysis, the trials for each subject were separated into with memory instructions. Trials were presented in blocks of 20, structured and unstructured sequences, exactly as in the previous pseudo-randomly structured such that ten structured and ten unstudy. structured sequences were presented in each block. For each participant there were three blocks, each comprising one separate Acknowledgments scanning run.
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